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Abstract
We assessed motion integration ability in seven adult developmental dyslexics using unidirectional and bidirectional (transparent)
random dot kinematograms (RDKs) that varied in the number of frames. All adult dyslexics performed as well as normally reading
age-matched controls with unidirectional RDKs, regardless of frame number. However, using orthogonal motion transparent
stimuli, deﬁcits were obvious in six dyslexics and depended on frame number. Whereas controls needed on average only 4.4 frames
(144 ms) to identify both directions correctly on 75% of presentations, dyslexics needed on average 14.6 frames (483 ms) to achieve
this level of performance. Even though a unidirectional motion task failed to reveal processing abnormalities in adult dyslexics, the
motion transparency task was eﬀective at revealing signiﬁcant perceptual dysfunction, suggesting that performance on this task is a
better psychophysical indicator of visual motion deﬁcits in dyslexia. This ﬁnding provides little support for the magnocellular deﬁcit
hypothesis and, rather, points to abnormality within dorsal extrastriate cortical areas that subserve the integration and segmentation
of complex motion signals.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Developmental dyslexia describes a signiﬁcant im-
pairment in reading accuracy and/or comprehension
relative to expectations based on age, education and
IQ and not attributable to any gross sensory or neuro-
logical impairment (American Psychiatric Association,
1994). Aﬀecting 4–10% of the population, (Shaywitz,
Shaywitz, Fletcher, & Escobar, 1990), dyslexia’s most
reliable nonreading behavioural marker appears to be
phonological processing diﬃculties (Stanovich & Siegel,
1994). However, evidence indicates that deﬁcits in visual
perception are also frequently associated with dyslexia.
Visual deﬁcits in perception have been observed for a
variety of spatial (e.g., contrast, position) and temporal
(e.g., motion, temporal order) properties of stimuli. In
the last two decades, vision research on dyslexia has
focused on functions thought to be associated with the
transient visual system and/or the magnocellular path-
way (see Farmer & Klein, 1995, and Skottun, 2000 for
reviews of diﬀerent aspects of this literature). This the-
oretical focus resulted from the hypothesis that dyslexia
is associated with a selective abnormality of the neuro-
nes comprising the magno (but not the parvo) neural
pathway that links the retina to the primary visual
cortex (Livingstone, Rosen, Drislane, & Galaburda,
1991; Lovegrove, Martin, & Slaghuis, 1986; Lovegrove,
Garzia, & Nicholson, 1990; Lovegrove, 1991; Breit-
meyer, 1993; Stein &Walsh, 1997). Although this view is
controversial (e.g. Skottun, 2000), it has nevertheless
directed research and thinking in this area.
Since the magno pathway heavily innervates the
dorsal extrastriate areas (Merigan & Maunsell, 1993)
that appear to contribute heavily to motion perception
(Baker, Hess, & Zihl, 1991; Beckers & Homberg, 1992;
Newsome & Pare, 1988), several studies using behavio-
ural methods (Cornelissen, Richardson, Mason, Fowler,
& Stein, 1995; Everatt, Bradshaw, & Hibbard, 1999;
Raymond & Sorensen, 1998; Talcott, Hansen, Assoku,
& Stein, 2000) and one using functional imaging tech-
niques (Eden et al., 1996) have addressed the possibil-
ity of deﬁcits in motion processing in dyslexia. All
these studies assessed responses using random dot
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kinematograms (RDKs). 1 The behavioural studies re-
port signiﬁcant elevation in the motion coherence thresh-
old 2 for dyslexics compared to age-matched controls.
The fMRI study revealed normal levels of activity in
V1 but reduced activity in the human homologue to area
MT/MST in macaques (hMTþ), in dyslexic adults com-
pared to controls. Although Cornelissen and colleagues
interpret their behavioural data as supporting the mag-
no-deﬁcit hypothesis, psychophysical data from Ray-
mond and Sorensen (1998) and the imaging study of
Eden et al. (1996) cast doubt on this view. Both these
studies suggest that motion deﬁcits stem from abnor-
malities with an extrastriate rather than a striate or pre-
striate locus.
Raymond and Sorensen (1998) tested dyslexic chil-
dren (using age-matched and reading-matched control
groups) with unidirectional RDKs that varied in the
number of stationary frames sequenced to make the
motion stimulus. Although dyslexics needed on average
a signiﬁcantly greater percentage of coherent motion to
reach criterion accuracy in direction discrimination for
RDKs composed of seven frames, all groups performed
similarly when the motion stimulus consisted of only
two frames. This was true even when the frame duration
was adjusted so that the 2-frame stimulus had the same
total duration as the 7-frame stimulus. This ﬁnding does
not support the notion that low-level motion detection,
per se, is deﬁcient in dyslexic children. Rather, it sug-
gests that they may have diﬃculty integrating motion
information eﬃciently over time.
For all groups, motion coherence thresholds were
higher for 2-frame than for 7-frame stimuli, but the
diﬀerence was greater for controls. This is consistent
with several previous studies of normal observers that
report dramatic improvements in measures of motion
perception when the number of frames in the motion
stimulus is increased from 2 to about 10 (McKee &
Welch, 1985; Snowden & Braddick, 1989; Raymond &
Isaak, 1998). This temporal recruitment eﬀect is thought
to reﬂect cooperativity among motion analysers
(Snowden & Braddick, 1989; Williams, Philips, & Sek-
uler, 1986) and probably involves coordinated activity
among V1 and extrastriate motion sensitive areas. The
abnormal temporal recruitment found with dyslexic
children coupled with their normal perception of
2-frame motion is most plausibly interpreted as reﬂect-
ing an extrastriate abnormality.
Research on macaques indicates that visual process-
ing of ‘‘transparent’’ motion stimuli is mediated by ac-
tivity in MT, not V1 (Qian & Andersen, 1994; Snowden,
Treue, Erickson, & Andersen, 1991). Transparent mo-
tion stimuli can be created using RDKs with half the
dots moving in one direction and the other half moving
in a diﬀerent direction. Such stimuli appear as two
transparent sheets of dots slipping across one another.
Neurophysiological data suggest that motion transpar-
ency oﬀers another method for assessing the locus of
motion perception abnormalities in dyslexia. If percep-
tion of transparent motion stimuli is abnormal whereas
perception of a single ‘‘sheet’’ of dots is not, then this
may be taken as evidence supporting an extrastriate lo-
cus of abnormality. A magno pathway deﬁcit could be
argued if deﬁcits were revealed in both tasks or if deﬁcits
appeared for unidirectional motion, but were absent for
bidirectional stimuli in which each sheet was fully co-
herent.
To investigate this and to extend earlier work on
dyslexic children, we compared the performance of adult
dyslexics with sex- and age-matched controls on two
diﬀerent motion discrimination tasks whilst varying the
number of frames in the motion stimulus. These tasks
were (1) a motion coherence task using single direction
RDKs, and (2) a direction identiﬁcation task using bi-
directional (transparent) RDKs. In the single direction
task, we varied the motion coherence in four and ten
frame RDKs and derived a motion coherence threshold
for each. In the transparency task, we used fully co-
herent motion for each dot sheet and varied the number
of motion frames presented to the observer. Sensitivity
to transparency was quantiﬁed as the minimum number
of frames needed by the observer to just accurately
identify both movement directions. The results indicate
that the adult dyslexics who participated in this study
are not deﬁcient in judging direction in brief single
direction RDKs, but require many more frames in a
transparent motion stimulus to accurately identify its
two directions than do normal adult readers.
2. General methods
2.1. Subjects
Four female and three male adults (ranging from 20
to 28 years of age; mean ¼ 24:0 years) with dyslexia
were referred to us by the Dyslexia Unit at the Uni-
versity of Wales, Bangor, and participated in both ex-
periments. All demonstrated normal or above normal
ability on the Performance subscales of the Wechsler
Adult Intelligence Scale (WAIS-R, 1958), yet were
unable to complete the Graded Word Reading Test
1 An RDK is a series of images comprised of randomly positioned
stationary dots. When these ‘‘frames’’ are viewed in rapid succession
apparent motion of the dots is produced. In partially coherent RDKs
only some of the dots (signals) are displaced in a single coherent
direction whilst remaining dots (noise) are randomly repositioned on
successive frames. The dots appear to cohere, moving in the signal dot
direction when the proportion of signal dots is suﬃcient.
2 The motion coherence threshold is typically deﬁned as the
minimum percentage of signal dots needed for just accurate identiﬁ-
cation of the signal dot direction in partially coherent RDKs.
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(Schonell & Schonell, 1963), with all scores indicating a
reading age of 13 years or less. A diagnosis of dyslexia
was further conﬁrmed by performance on the Bangor
Dyslexia Test (Miles, 1993a). This instrument assesses
ability on a range of skills in which deﬁcits are found
to correlate with reading diﬃculties, e.g., direction dis-
crimination, short-term memory for forward and reverse
sequences of digits, incidence of b-d confusion and re-
peating of polysyllabic words (Miles, 1993b). Individual
performance is scored on a continuum from 0 (no in-
dication of dyslexia) to 10 (very high indication of
dyslexia), in increments of 0.5. The mean score for the
dyslexic group was 5.80 (range ¼ 5–7, s:d: ¼ 0:90).
Age and sex-matched control subjects were recruited
from the general student population (mean ¼ 23:3 years,
range ¼ 20–28). None had current or past diﬃculties
with reading or writing and were screened for dyslexia
using the Bangor Dyslexia Test (mean score ¼ 2:00,
range ¼ 0–3, s:d: ¼ 1:11). All participants were mono-
lingual English speakers with the exception of one dys-
lexic and one control subject who were bilingual Welsh-
English speakers. No participant reported any prior or
present neurological condition and none had undergone
surgery to correct visual problems. Visual acuity at the
time of testing was normal or corrected to normal. In-
formed consent was obtained prior to participation and
all participants were naive as to the exact purpose of
the study. They received payment for participation.
2.2. Apparatus and stimuli
Motion stimuli were generated by a Power Macintosh
8500=120 computer and displayed on a 17 in. Apple-
Vision 1710 monitor with a vertical refresh rate of 60
Hz. A height-adjustable chair and chin-rest were pro-
vided to maintain a steady viewing posture.
In both experiments, an RDK consisted of white dots
displayed within a borderless area subtending 2:18 deg
2:18 deg on a dark background. It was presented in the
centre of the monitor and viewed binocularly from a
distance of 92 cm in a dimly lit room. The ﬁxation spot
was a 0.1 deg white square. The duration of a single
frame was 33.3 ms (i.e., two screen refreshes) and each
frame was presented without an interstimulus interval.
Both signal and noise dots had a diameter of one pixel
(0.35 mm). On successive frames dots were displaced by
21 minarc, corresponding to a velocity of 10.5 deg/s, a
value close to the optimal response of humanMTneurons
(Chawla, Phillips, Buechel, Edwards, & Friston, 1998).
2.3. Procedure
In both experiments, each trial was initiated by the
participant using a key press that produced a 500 ms
presentation of the ﬁxation spot. Upon its oﬀset, an
RDK was presented. Participants then reported the
perceived direction of motion either verbally or by
pointing, according to preference. This response mode
was used to eliminate the possibility of key press errors
due to dyspraxia in the dyslexic group. Responses were
entered onto the keyboard by the experimenter, who
was blind to stimulus presentation. No feedback was
given. Each session began with practice trials and data
collection commenced only when participants indicated
that they understood and felt comfortable with the
procedure.
3. Experiment 1: unidirectional motion
Our purpose in the ﬁrst experiment was to measure
motion coherence thresholds for single direction motion
in adults with dyslexia and to assess whether the number
of frames in the RDK stimuli aﬀected their movement
direction judgements. Cornelissen et al. (1995) reported
that motion coherence thresholds for adult dyslexics
are between 3% and 4% higher than those measured
in age-matched normal readers. In their study, large
(12 deg9 deg) and slow (2.5 deg/s) stimuli comprised
of 50 frames lasting 1 s were used. Because free viewing
was allowed, stimuli may have elicited smooth pursuit
and possibly optokinetic eye movements, the former of
which has been shown to be deﬁcit in dyslexics (Bogacz,
Mendilaharsu, & De Mendilaharsu, 1974; Pavlidis,
1981). Thus, abnormal eye movements may have been a
factor in their results. To minimise the contribution of
oculomotor factors, we employed smaller, briefer RDKs
in the present experiment.
Cornelissen et al.’s (1995) motion stimuli were
adapted from a preferential looking experiment (Wat-
tam-Bell, 1992) and were spatially complex. The stimuli
consisted of two separate rectangular patches, one of
which was segregated into three horizontal motion-
deﬁned bands. Motion coherence, whilst constant
throughout the display, was varied and observers were
required to specify whether a direction-contrast ap-
peared on the left or right. Thus, these random-dot
stimuli required observers to detect and locate a motion
contrast rather than identify movement direction per se.
Deﬁcits in either or both functions may have contrib-
uted to performance diﬀerences between dyslexics and
controls.
Our aim was to simplify the task, using a simple di-
rection judgement response. The technique we used was
similar to that employed by both Raymond and
Sorensen (1998) with children and Everatt et al. (1999)
with adults. In the latter case, although adult dyslexics
produced elevated motion coherence thresholds relative
to normally-reading controls, the authors noted that
the group demonstrated considerably heterogeneity,
with the majority of dyslexics performing comparably
to controls. Since all previous studies have measured
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sensitivity only for motion along the horizontal axis, we
additionally assessed sensitivity to upward and down-
ward directions. We also presented stimuli with two
diﬀerent numbers of frames to determine group diﬀer-
ences in sequential motion recruitment.
3.1. Stimuli and procedure
Each RDK contained an average of 213 randomly
positioned dots (mean density ¼ 45 dots/deg2, covering
21.3% of the stimulus area). The stimulus luminance was
0.97 cd/m2 presented on a background level of 0.01 cd/
m2, thus providing a Mitchelson contrast of 98%. With
each successive frame a variable number of dots (signal
dots) was repositioned uniformly in one of the four
cardinal directions, without regard to their prior history.
The remaining dots (noise dots) were randomly reposi-
tioned within the stimulus area. Dots moving out of the
stimulus area were ‘wrapped-around’ and so reappeared
in the mirror location on the opposite side.
Separate randomly interleaved 2-down, 1-up psy-
chophysical staircases for rightward, leftward, upward,
and downward movement were used to determine the
percentage of signal dots on each trial. The ﬁrst trial in
any direction was always 100% coherent. A correct re-
sponse on two successive trials with the same signal di-
rection resulted in the percentage of signal dots being
halved for the next trial in the same direction. Con-
versely, an incorrect response on any trial resulted in the
percentage of signal dots being increased by half
the current value for the next trial in that direction. The
staircase was terminated after six response reversals for
each direction, and a coherence threshold was calculated
from the mean of the six reversals. This value represents
the coherence value needed for correct identiﬁcation of
motion direction on 71% of trials.
Stimuli with two diﬀerent frame numbers, 4 and 10
(with a total duration of 133 and 333 ms, respectively),
were presented in alternating blocks. Three blocks for
each frame number were completed. Coherence thresh-
olds for each direction were then averaged across blocks.
4. Results
As can be seen clearly in Fig. 1a, group mean motion
coherence thresholds for the dyslexic and control groups
were highly similar when measured using either the 4- or
10-frame RDK stimuli. Thresholds for 4-frame stimuli
(dyslexic mean ¼ 16:6%, s:d: ¼ 3:53; control mean ¼
15:5%, s:d: ¼ 2:13) were higher than those for 10-frame
stimuli (dyslexicmean ¼ 9:7%, s:d: ¼ 3:02; control group
mean ¼ 9:8%, s:d: ¼ 1:74), displaying the expected mo-
tion recruitment eﬀect (Raymond & Isaak, 1998). The
magnitude of the recruitment eﬀect did not diﬀer for
the two groups. This is in contrast to Raymond and
Sorensen’s (1998) ﬁnding of a motion recruitment deﬁcit
among 10-year old dyslexics.
A three-way mixed design ANOVA with group
(dyslexic, control) as the between factor, and frame
number (4, 10) and motion direction (rightward, left-
ward, upward, downward) as within factors, revealed a
nonsigniﬁcant main eﬀect of group, a nonsigniﬁcant
main eﬀect of direction, and a signiﬁcant main eﬀect of
frame number, F ð1; 12Þ ¼ 95:44, p < 0:01. The interac-
tion eﬀect of group frame-number was also nonsig-
niﬁcant, supporting the interpretation of normal
recruitment eﬀects in dyslexic adults. One interesting
aspect of these data is that both groups were more
sensitive to motion along the horizontal axis than along
the vertical axis. This eﬀect can be seen in Fig. 1b. This
diﬀerence was only signiﬁcant for the 4-frame stimuli as
revealed by the signiﬁcant interaction of frame number
and direction, F ð3; 36Þ ¼ 14:04, p < 0:01.
The only signiﬁcant eﬀect of group was found in a 3-
way interaction of direction, frame number, and group,
F ð3; 36Þ ¼ 3:59, p < 0:05. Using Bonferroni corrected
means comparisons, we observed that controls showed
large signiﬁcant recruitment eﬀects (deﬁned here as
the 4-frame mean threshold minus the 10-frame mean
Fig. 1. (a) Group mean coherence thresholds from unidirectional
RDKs as a function of stimulus duration and (b) group mean coher-
ence thresholds for horizontal and vertical axes of motion as a function
of stimulus duration (vertical bars represent 1 standard error of the
group mean).
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threshold) for leftward motion but only slight (and
nonsigniﬁcant) recruitment for rightward motion. In
contrast, the dyslexic group showed a small but signiﬁ-
cant recruitment for rightward motion and virtually no
eﬀect (nonsigniﬁcant) for leftward motion. Both groups
showed equally large and signiﬁcant recruitment eﬀects
for the two vertical directions. The size of recruitment
eﬀects for each group and each motion direction can be
seen in Table 1. Thus, although global motion sensitivity
does not appear to diﬀer generally between dyslexic and
reading-able adults, there is modest evidence that subtle
direction speciﬁc integration of motion processing (i.e.,
recruitment eﬀects) may be diﬀerent in dyslexics. This
direction-selective recruitment abnormality echoes the
more obvious evidence of abnormal recruitment found
in dyslexic children (Raymond & Sorensen, 1998).
This ﬁnding of generally normal motion perception
to unidirectional motion does not support theories that
dyslexia is associated with low-level motion dysfunction.
However, group diﬀerences in motion recruitment eﬀects
for speciﬁc directions suggest that higher-order motion
processing mechanisms may be subtly abnormal in this
group.
5. Experiment 2: bidirectional motion
To investigate further the possibility of higher order
motion processing deﬁcits in dyslexia, we tested the same
group that participated in Experiment 1 (both control
and dyslexics) using bidirectional, motion transparent
stimuli. Since processing of these stimuli is thought to
require involvement of extrastriate motion sensitive ar-
eas of the dorsal pathway (Qian & Andersen, 1994;
Snowden et al., 1991), and requires greater attentional
and perceptual demands, we felt that assessing the per-
ception of motion transparency might be a more sensi-
tive method of revealing motion processing deﬁcits
among adult dyslexics.
6. Method
6.1. Stimuli and procedure
RDKs appeared as two transparent sheets of dots
moving coherently in cardinal, perpendicular directions.
This eﬀect was created by simultaneously displacing 50%
of dots in a single, horizontal direction, and the remain-
ing 50% in a single vertical direction. Thus, four stim-
uli were presented: upward-leftward, upward-rightward,
downward-leftward, and downward-rightward. The
number of dots within each RDK was increased to 256,
covering 25.6% of the stimulus area, corresponding to
a mean density of 54 dots/deg2, or 27 dots/deg2 for each
direction. Stimulus luminance was 1.24 cd/m2 providing a
Mitchelson contrast of 98% relative to the background.
Eight trials for each of the four direction combinations
were presented in random order, making 32 trials, and
tested as a block. In diﬀerent blocks, stimuli consisted of
5, 10, 20, 40, or 80 frames. The total duration of each
RDK was thus 166, 332, 664, 1328, or 2656 ms, respec-
tively. Participants completed, in a random order, one
block of trials for each frame condition. The task was to
report the two directions of motion in any order. Partic-
ipants were aware that each trial always had one move-
ment direction along the vertical axis and one along the
horizontal axis. Chance performance for each direction
axis was therefore 0.50 and for both directions was 0.25.
7. Results
The proportion of trials in which each orthogonal
direction was correctly identiﬁed was calculated for each
participant for each frame number. The group means,
represented in Fig. 2a, clearly show deﬁcit perception
of motion transparency by dyslexics. Whereas con-
trols were 95% correct with 10-frame stimuli, dyslexics
reached this level of performance only when RDKs
comprised 80-frames.
A mixed design ANOVA performed on proportion
correct (both directions) scores using group and frame
number as factors showed signiﬁcant main eﬀects of both
group, F ð1; 12Þ ¼ 15:97, p < 0:01, and frame number,
F ð4; 12Þ ¼ 46:89, p < 0:01, as well as a signiﬁcant
group frame-number interaction, F ð4; 48Þ ¼ 4:75, p <
0:01. Planned comparisons revealed inferior dyslexic
performance for the 5-frame condition (p < 0:05) and
the 10-frame condition (p < 0:01). Even with RDKs
consisting of as many as 40 frames (1328 ms), dyslexic
adults demonstrated a signiﬁcant performance deﬁcit
compared to controls (p < 0:01) in their ability to
identify both movement directions when two dots pat-
terns occupy the same spatial region.
We then calculated the proportion of trials in which
correct responses for each axis of motion (horizontal
and vertical) were made, irrespective of the response for
the orthogonal direction. This analysis, using group,
frame number and motion axis as factors demonstrated
a main eﬀect of motion axis, F ð1; 12Þ ¼ 8:56, p < 0:05.
Group proportion correct responses for horizontal and
vertical axis motion are plotted separately in Fig. 2b
and c. Two points are worth noting. First, vertical
movement directions were consistently identiﬁed less
Table 1
Unidirectional motion recruitment eﬀects (percent coherence)
Direction Dyslexic Control
Rightward 4.34 2.05
Leftward 1.89 5.55
Upward 11.34 9.64
Downward 10.16 5.5
G.T. Hill, J.E. Raymond / Vision Research 42 (2002) 1195–1203 1199
accurately by both groups than the horizontal direc-
tions. Second, for both axes of motion the dyslexic
group performed more poorly than controls, especially
when fewer frames were used in the motion stimuli
F ð1; 12Þ ¼ 14:37, p < 0:01.
We calculated a transparency threshold score for
each participant. This is deﬁned as the number of frames
necessary to achieve 75% correct responses for judging
both directions of motion. To interpolate this value,
individual proportion correct (both directions) re-
sponses for each frame number were converted to stan-
dardised z-scores. A regression line was then ﬁtted to the
data using the least-squares method. 3 Thresholds thus
obtained diﬀered markedly between groups. The mean
threshold for the dyslexic group (14.62 frames,
s:d: ¼ 8:52) was over three times higher than that of the
control group (4.37 frames, s:d: ¼ 1:96), F ð1; 12Þ ¼ 9:61,
p < 0:01. In terms of stimulus duration, this means that
dyslexics on average needed 483 ms exposure to the
stimulus to achieve the same level of performance as
controls viewing the stimulus for only 144 ms. Trans-
parency thresholds for six of seven dyslexics were
greater than the 99% conﬁdence limit calculated on the
control group mean. Only one control threshold ex-
ceeded this value.
Correlations between the 4-frame and 10-frame uni-
directional motion coherence thresholds observed in
Experiment 1 and the motion transparency thresholds
were both nonsigniﬁcant, r2 ¼ 0:07 and 0.004, re-
spectively. However, the correlation between scores
achieved on the Bangor Dyslexia Test and motion
transparency thresholds was highly signiﬁcant, r2 ¼
0:64, p < 0:01.
8. Discussion
We set out to ascertain whether adult dyslexics ex-
perience motion perception deﬁcits and whether these
Fig. 2. (a) Proportion correct responses to both directions of motion in transparent RDKs as a function of frame number, (b) proportion correct
responses to directions of motion along the horizontal axis in transparent RDKs as a function of frame number and (c) proportion correct responses
to directions of motion along the vertical axis in transparent RDKs as a function of frame number (vertical bars represent 1 standard error of the
group mean).
3 To provide a better ﬁt, data points above the 90% correct response
level were discarded. Two control subjects showed especially good
performance on this task, resulting in the regression line crossing the
X-axis with a negative value. A default value of 3-frames was assigned
in both cases.
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deﬁcits are more observable when integration mecha-
nisms are particularly taxed. We report two main ﬁnd-
ings. First, we uncovered only very marginal evidence
that the group of adult dyslexics studied here experience
any motion perception deﬁcits when asked to report
global movement direction of partially coherent unidi-
rectional RDK stimuli. Although we observed a subtle
direction speciﬁc abnormality in sequential recruitment,
the dyslexic group did not exhibit a deﬁcit in detection
of motion per se. Second, we found large deﬁcits in the
same individuals in the perception of transparent mo-
tion stimuli even though each directional component
was fully coherent. Together these ﬁndings provide little
support for theories that posit a low-level disruption
of motion processing mechanisms (i.e., a pre-striate
magno, or motion input deﬁcit). Rather they are best
explained by hypothesising a higher order deﬁcit in
integration and segmentation of motion informa-
tion possibly involving extrastriate cortical areas of the
brain. Furthermore these data indicate that motion
transparency is a far more sensitive measure of motion
processing diﬃculties in dyslexia than the more widely
used single-direction motion coherence test.
Our ﬁnding from Experiment 1 runs contrary to pre-
vious reports showing motion deﬁcits in adult dyslexics
when judging unidirectional RDK stimuli (e.g., Corne-
lissen et al., 1995; Eden et al., 1996; Everatt et al., 1999;
Talcott et al., 2000). There are, however, important
methodological diﬀerences between these and the present
study that may account for this diﬀerence. Most of these
studies used lengthy (1–2 s), large (between 7 and 30
deg2), low-density stimuli that may have eﬀectively elic-
ited smooth tracking eye movements that may have in
turn modulated perceived motion. Since smooth pursuit
eye movements have been previously shown to be ab-
normal in dyslexics (Bogacz et al., 1974; Pavlidis, 1981),
oculomotor factorsmay have contributed to the apparent
motion perception deﬁcits of dyslexics in these studies.
The role of eye movement artefacts in dyslexia research
has previously been raised in relation to tasks measuring
ﬂicker contrast sensitivity (Hayduk, Bruck, & Cavanagh,
1996). Martin and Lovegrove (1984) reported deﬁcits in
ﬂicker perception in dyslexics when stimuli were 500 ms
long, whereas Hayduk et al. (1996) reported no such
deﬁcits when stimuli were shortened to 105 ms and sug-
gested that the discrepancy may have been due to eye
movement artefacts elicited by longer stimuli. Note that
the presence of smooth pursuit deﬁcits in dyslexia adds
weight to an extrastriate locus of abnormality, as several
studies have shown that lesions to occipitoparietal cortex
can cause disturbances of smooth pursuit eye movements
(Barton, Sharpe, & Raymond, 1996; Leigh & Tusa, 1985;
Pierrot-Descilligny, Gray, & Brunet, 1986; Thurston,
Leight, Crawford, Thompson, & Kennard, 1988).
Regardless of the reasons for our null ﬁnding in Ex-
periment 1, we uncovered a group of adult dyslexics that
behaved normally on the unidirectional motion task.
Given the right experimental conditions, these dyslexics
were able to normally integrate motion signals imbed-
ded in motion noise. Why, then, did these dyslexics ex-
perience signiﬁcant diﬃculty in the motion transparency
task? There are two possibilities.
First, dyslexics may have been unable to segregate the
two motion sheets, instead, integrating all dots into a
single oblique moving sheet. However, if this had been
the case, perceiving an oblique direction should have
resulted in the participants being equally accurate in
identifying the vertical and horizontal components in
each trial. However, dyslexics’ performance on identiﬁ-
cation of one movement axis (usually horizontal)
was near perfect, whilst identiﬁcation of the orthogo-
nal component, was signiﬁcantly worse, albeit above
chance. This pattern of data suggests that dyslexics did
not integrate the two direction vectors equally. It addi-
tionally suggests that they did not perceive one coherent
‘‘signal’’ sheet against a second incoherent ‘‘noise’’
sheet.
Second, dyslexics may have had greater diﬃculty
than controls in attending to and therefore reporting the
direction of the two motion components. Although oc-
cupying the same visual ﬁeld location, the two sheets of
dots in a transparent display such as ours may still re-
quire successive attention to each sheet to enable accu-
rate report. Valdes-Sosa, Cobo, and Pinilla (1998, 2000)
have shown that when attention is purposely directed to
one sheet of dots in a transparent display, perception of
the unattended sheet is perturbed. Motion after eﬀects
to an unattended sheet are similarly perturbed (Lank-
heet & Verstraten, 1995; Raymond, O’Donnell, & Tip-
per, 1998). Valdes-Sosa et al. (1998) also reported that
selective attention produced a loss of apparent depth
between attended and unattended sheets. In unsolicited
comments, this lack of perceived depth was reported by
several individuals in our dyslexic sample.
It is feasible, then, that dyslexics, like controls, ini-
tially allocated resources to one sheet of dots, but were
less able than controls to rapidly shift attention to the
second sheet. Evidence of slowed, successive attention
shifts to stimuli presented at the same location (i.e., not
requiring spatial shifts in attention) in dyslexia has been
reported by Hari, Valta, and Uutela (1999) using an
attentional blink paradigm. In this procedure, a series of
stimuli (e.g., letters) are presented in rapid succession at
ﬁxation and observers are required to detect or identify
two previously deﬁned targets. When the targets are in
close temporal proximity (less than 500 ms) perception
of the second target is markedly impoverished (Ray-
mond, Shapiro, & Arnell, 1992). This eﬀect, called the
attentional blink, is thought to reﬂect a bottleneck in the
successive allocation of attention. Since a prolonged
attentional blink similar to that reported by Hari et al.
(1999) for dyslexics has been reported for patients with
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parietal lobe lesions (Husain, Shapiro, Martin, & Ken-
nard, 1997), Hari et al.’s (1999) results are suggestive of
a parietal location for visual deﬁcits in dyslexia. These
results also strengthen the possibility that the deﬁcits in
motion transparency perception we observed may reﬂect
abnormal attentional processes.
Our ﬁndings add no support to the view that dyslexia
is associated with abnormalities in the magnocellular
pathway (Stein & Walsh, 1997). A magnocellular path-
way deﬁcit would have been supported if dyslexic deﬁ-
cits had been found in both the unidirectional and
bidirectional motion tasks, or if a deﬁcit was the case for
unidirectional motion, yet absent for the transparent
stimuli. However, we found deﬁcits only for transparent
motion.
The four lines of inquiry providing the bulk of psy-
chophysical evidence for low-level magno-based visual
deﬁcits in dyslexia (visible persistence, ﬂicker sensitivity,
masking by uniform ﬁeld ﬂicker, and spatial contrast
sensitivity) have recently been criticised and discrepant
ﬁndings reported (see e.g. Hayduk et al., 1996; Skottun,
2000; Walther-M€uller, 1995 for discussions). Indeed,
much of the psychophysical data can be interpreted as
reﬂecting abnormalities within the extrastriate dorsal
pathway. Adding weight to a parietal hypothesis are
recent reports of deﬁcits in dyslexic children (Vidyasa-
gar & Pammer, 1999) and adults (Iles, Walsh, & Rich-
ardson, 2000) in visual conjunction search tasks. The
pattern of deﬁcit they reported was highly similar to
those found in patients with posterior parietal cortical
lesions (Cohen & Rafal, 1991; Friedman-Hill, Robert-
son, & Triesman, 1995). Moreover, dyslexic adults are
reported to show impairment in localising brieﬂy ﬂashed
targets (Graves, Frerichs, & Cook, 1999), a deﬁcit linked
to lesions within inferior parietal cortex (De Renzi,
1982). Although our data does not allow us to identify
the mechanism responsible for the dyslexic motion
transparency deﬁcit, the pattern of results from the uni-
and bidirectional motion processing tasks similarly
point towards dysfunction within dorsal extrastriate
cortex.
Perhaps the greatest importance of our ﬁnding lies in
the superior sensitivity of transparent stimuli in un-
covering dyslexics’ visual motion deﬁcits. Previously,
performance on unidirectional motion coherence tasks
has been considered a valid and reliable indicator, in
both children and adults, for the presence of motion
deﬁcits. Using an orthogonal bidirectional task, we
uncovered perceptual deﬁcits in six of seven adult dys-
lexics, none of which was apparent from their perfor-
mance on the unidirectional motion task. This suggests
not only that motion transparency may be the better
basis for a diagnostic instrument, but also indicates that
motion perception deﬁcits, though subtle, may be more
prevalent among dyslexics than has been supposed
previously.
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